Abstract: Gravity data were obtained along two transects on the southern coast of Ungava Bay, which provide continuous gravity coverage between Leaf Bay and George River. The transects and the derived gravity profiles extend from the Superior craton to the Rae Province across the New Quebec Orogen (NQO). Interpretation of the transect along the southwestern coast of Ungava Bay suggests crustal thickening beneath the NQO and crustal thinning beneath the Kuujjuaq Terrane, east of the NQO. Two alternative interpretations are proposed for the transect along the southeastern coast of the bay. The first model shows crustal thickening beneath the George River Shear Zone (GRSZ) and two shallow bodies correlated with the northern extensions of the GRSZ and the De Pas batholith. The second model shows constant crustal thickness and bodies more deeply rooted than in the first model. The gravity models are consistent with the easterly dipping reflections imaged along a Lithoprobe seismic line crossing Ungava Bay and suggest westward thrusting of the Rae Province over the NQO. Because no gravity data have been collected in Ungava Bay, satellite altimetry data have been used as a means to fill the gap in data collected at sea. The satellite-derived gravity data and standard Bouguer gravity data were combined in a composite map for the Ungava Bay region. The new land-based gravity measurements were used to verify and calibrate the satellite data and to ensure that offshore gravity anomalies merge with those determined by the land surveys in a reasonable fashion. Three parallel east-west gravity profiles were extracted: across Ungava Bay (59.9°N), on the southern shore of the bay (58.5°N), and onshorẽ 200 km south of Ungava Bay (57.1°N). The gravity signature of some major structures, such as the GRSZ, can be identified on each profile.
Introduction
During the establishment of the Eastern Canadian Shield Onshore-Offshore Transect (ECSOOT) of Lithoprobe, marine seismic reflection profiles were acquired across Ungava Bay and eastern Labrador (Fig. 1) . The seismic transects image structures related to the formation of Archean crust and the successive accretion of Proterozoic terranes (Hall et al. 1995) . Gravity data were collected along the southern coast Hoffman (1989) , Wardle et al. (1990) , and Hall et al. (1995) . ASZ, Abloviak Shear Zone; BT, Burwell Terrane; FSZ, Falcoz Shear Zone; GRSZ, George River Shear Zone; HF, Handy Fault; LHG, Lake Harbour Group; LLC?, inferred extent of Lac Lomier Complex; LTSZ, Lac Tudor Shear Zone; MBSZ, Moonbase Shear Zone; NFT, Nachvak Fiord Thrust; RG, Ramah Group; TD, Tasiuyak domain.
of Ungava Bay during the summers of 1995 and 1996 (Fig. 2) . These data extend a detailed transect initiated in previous surveys by Mareschal et al. (1990) and Séguin and Goulet (1990) , and fill some of the gaps in the onshore data compiled by the Geological Survey of Canada (GSC). The gravity data will be used to correlate onshore geological features with images of the crust obtained along the ECSOOT profile (Hall et al. 1995) .
As direct gravity measurements have not been performed in Ungava Bay, satellite altimetry data have been used to fill this gap. Free-air gravity data were derived from the combination of the ERS-1 satellite altimeter and the GEOSAT geodetic data (Smith and Sandwell 1995) . The land-based gravity data obtained during this study are useful for calibrating the satellite data to ensure the onshore-offshore continuity of gravity features. All available Bouguer (on land) and free-air (offshore) anomaly data were combined to produce a regional map of the Ungava Bay area. The gravity map was filtered to better delineate some geological structures of the region (Telmat and Mareschal 1996; Telmat et al. 1997) .
Geological setting of the Ungava Bay region
The Superior and Nain cratons in northern Quebec and Labrador are separated by the Paleoproterozoic New Quebec Orogen (NQO) and Torngat Orogen (TO) (Hoffman 1989) . The NQO consists predominantly of low-grade sedimentary and mafic volcanic rocks preserved in a west-verging fold and thrust belt (Wardle et al. 1990 ). The Bouguer anomaly across the NQO shows a negative-positive pair, characteristic of several structural province boundaries in the Canadian Shield (Gibb and Thomas 1976; Thomas and Kearey 1980) ; gravity profiles across the NQO have been interpreted in terms of collision of the Superior and Rae protocontinents during the Hudsonian orogeny (Kearey 1976) . Further interpretation of the gravity data suggests a model involving west-directed transport of rocks over the Superior craton (Mareschal et al. 1990 ).
The northern segment of the NQO is subdivided, from west to east, into the Chioak and Baby zones that constitute the foreland, and the Rachel and Kuujjuaq zones comprising the hinterland (Wares and Goutier 1990) . The eastern boundary of the NQO remains poorly defined. Girard (1990) proposed that it lies at the Lac Tudor Shear Zone (LTSZ; Fig. 1 ). However, detailed field mapping during the summer of 1996 did not reveal the presence of a major structural boundary in the surveyed area of the LTSZ (M. Bardoux, personal communication, 1996) . This suggests that the boundary between the hinterland of the NQO and the Rae Province lies to the west of the area where the gravity survey was conducted (P96 profile, Fig. 2) .
The Rae Province consists predominantly of reworked Archean crust interfolded with Paleoproterozoic cover rocks (e.g., Machado et al. 1989; Nunn et al. 1990; Wardle et al. 1990; James et al. 1994) . Along the southwestern shoreline of Ungava Bay, the crust comprises upper amphibolite gneisses that locally are highly migmatized. The Paleoproterozoic supracrustal sequences consist of thin remnants (usually less than 100 m) of metasedimentary rocks that were infolded and metamorphosed with their basement rocks. Numerous granitoid magmas intruded the Rae Province during and after its deformation. Structural trends are generally oriented north-northwest. When extrapolated offshore across Ungava Bay to the ECSOOT seismic line, they intersect the line at an oblique angle.
The George River Shear Zone (GRSZ) is the most pronounced tectonic feature of the Rae Province within the study area. Shear sense indicators within the GRSZ indicate that it was last affected by dextral movement (Bardoux et al. 1996) . Rocks on both sides of this high-strain zone are lithologically similar, but metasedimentary units and migmatitic features are more abundant on the southwest side of the shear zone. Migmatites and granitoid intrusives are well developed west of the GRSZ, where they may represent the northern extension of the De Pas batholith (Fig. 1) . There are conflicting reports on the extension of the De Pas batholith north of latitude 58°N. On the basis of aeromagnetic data, Hoffman (1989) has suggested that it extends northward to at least the shore of Ungava Bay. The migmatites and granitoid rocks are barely deformed, suggesting that they formed in a postcollisional setting, as has been suggested for the De Pas batholith (Dunphy and Skulski 1996) .
The Torngat Orogen is a Paleoproterozoic orogenic belt resulting from a transpressional collision between the Archean Nain craton and the Rae Province to the west. It comprises high-grade, strongly deformed domains such as the Tasiuyak domain, a zone exposing sedimentary gneisses, the Lac Lomier Complex, and Burwell Terrane, consisting of belts of granitoid plutons (e.g., Ermanovics and Van Kranendonk 1990; Van Kranendonk and Ermanovics 1990; Wardle et al. 1990; Mengel et al. 1991; Bertrand et al. 1993; Scott 1995; Scott and Machado 1995) . The most prominent deformational feature of the Torngat Orogen is the Abloviak Shear Zone (ASZ), which was mainly developed within the Tasiuyak gneisses, albeit it also affected adjacent units of the Nain and Rae provinces (Wardle et al. 1990 ).
The easterly dipping reflections at the western end of the Lithoprobe seismic profile are consistent with the dip of the predominant foliation(s) observed onshore south of Ungava Bay (Hall et al. 1995) . The seismic reflection profile does not show evidence for the presence of mantle-penetrating features at the western end of the line, where it would coincide with the on-strike projection of west-verging structures within the NQO. However, strong subhorizontal reflections at the base of the crust (~35-40 km) between 0 and 100 km were interpreted to reflect lower crustal shearing (Hall et al. 1995) . This process would have transferred strain from shallow to deep crustal levels and may have involved the mantle, to the east. On the eastern part of the profile, easterly dipping reflectors are still identifiable on the seismic sections near the Torngat Orogen despite the poor signal-to-noise ratio.
Gravimetric survey
Eighty gravity stations were measured with a model G Lacoste-Romberg gravity meter loaned by the GSC. The data were collected during the summers of 1995 and 1996 along two transects, which extend over~200 km (P95 and P96, Fig. 2 ). The measurements were made along the shoreline at the level of the high tide watermark, to facilitate the determination of station elevations. The data collected along both profiles were linked to the national gravity reference station located at the Kuujjuaq airport. Because of logistical constraints, the measurements are not evenly spaced, varying between~2 km (P96) and~3 km (P95). Samples of representative lithologies were systematically collected at each site for rock density measurements. Profile P96, oriented northwest-southeast ( Fig. 2) , extends the Leaf River and Leaf Bay transect of Mareschal et al. (1990) . To link P96 and P95 with previously collected data, the profiles were projected on an east-west line (Fig. 3) . Because the data obtained by Mareschal et al. (1990) had not been linked to the national base station at the Kuujjuaq airport, and were based on arbitrary gravity datum, they had to be increased by +10 mGal, in order to tie to overlapping stations near the mouth of Leaf Bay (approx. -40 mGal).
The Bouguer anomaly and rock density data projected on northwest-southeast and southwest-northeast profiles are shown in Fig. 4 . The Bouguer anomaly along P96 (Fig. 4a ) increases regularly southeastward from about -40 mGal east of Leaf Bay to about -30 mGal. Density values for rocks collected along P96, ranging between~2.6 Mg·m -3 and 2.8 Mg·m -3 ( Fig. 4b) , follow the same trend as that of the Bouguer anomaly (Fig. 4a) . The high density of~3.2 Mg·m -3 , measured on mafic rock units outcropping around km 45, seems correlated to the short-wavelength Bouguer anomaly high between km 40 and 50.
On the P95 Bouguer anomaly profile (Fig.4c) , a prominent~10 mGal amplitude negative anomaly at about km 60 coincides with the GRSZ. Rock samples collected within the GRSZ yielded the lowest density values along P95 (Fig. 4d) , interpreted (Telmat and Mareschal 1996) as an effect of rock recrystallization / partial melting with concomitant density reduction by injection of granitic magma (Hess 1989 ). The short-wavelength positive anomalies between km 85 and 95 appear related to the presence of several swarms of gabbroic dikes at the northeast end of the transect P95.
Gravity modeling
Two gravity profiles were interpreted separately with SAKI, a 2.5-D gravity modeling interactive program that uses generalized linear inversion to iteratively improve selected model parameters, such as the density of the prisms and the location of their vertices (Webring 1985) .
The model consists of an ensemble of prisms that map in cross-sectional form the interpreted variations in subsurface density. In the direction perpendicular to the cross section, the model prisms extend far enough to avoid edge effects for the long-wavelength bodies. Consequently, the total strike length (twice the distance from the profile to either end of the prism) is 200 km for the deep bodies and 40 km for the shallow units. The extent of shallow units was determined from geological mapping wherever possible. For the deeper units, tests done with variable strike lengths showed almost no change as long as they extended a lateral distance that is five times their depth.
In the modeling, a standard value of 2.67 Mg·m -3 was assumed as the average density of the upper crust; this value corresponds to the average density measured on the outcrop samples collected (Figs. 4b, 4d ). Standard density contrasts of 0.2 and 0.4 Mg·m -3 are assumed for the lower crust and the upper mantle, respectively.
Southwestern profile
The P96 data and those collected across the northern NQO (Mareschal et al. 1990 ) were combined in a single east-west profile perpendicular to the strike of the geological structures (Fig. 5a) . The small scatter caused by the projection indicates that the gravity anomaly does not vary significantly in the north-south direction, suggesting that the assumption that the geometry of geological units can be approximated by prisms of finite strike length (2.5-D) is valid. The interpretation, constrained by the geology and density measurements, calls for crustal thickening beneath the NQO (Fig. 5b) . The crustal thickness increases from 38 km in the Superior Province to at least 43 km beneath the NQO. The Moho depth decreases to~37 km beneath the Kuujjuaq Terrane and it is 38 km at the eastern end of the profile. The boundary between the upper and the lower crust follows the same trend as the Moho, from~20 km depth to the west, in the Superior craton, to~26 km beneath the NQO, and 18 km beneath the Rae Province. An alternative interpretation, with a crust thicker and denser in the Rae Province than in the present model, had been proposed by Mareschal et al. (1990) . However, the density measurements on samples from the Rae Province along P96 transect do not support the latter model. We have interpreted the gradual increase in density at the eastern end of P96 transect (Fig. 4b) as due to an increase in the abundance of amphibolitic rocks corresponding to the small bodies exposed at surface.
Several short-wavelength anomalies are observed along this profile. Beneath the NQO, at~20 and 40 km, small wedge-shaped bodies with negative density contrasts of -0.1 Mg·m -3 are required to fit the data. These bodies may correspond to metasedimentary rocks, such as those found farther south in the NQO (e.g., Kearey 1976 ). The positive anomaly over the eastern part of the NQO (between 70 and 80 km) is explained by the presence of mafic igneous rocks that must be deeply rooted (~5 km). Their average density of~3.05 Mg·m -3 was measured on fresh outcrop samples (Mareschal et al. 1990 ). The thickness of these volcanic rocks is estimated to be between 1.5 and 5 km, and the modeling suggests that they dip eastward. In the Rae Province, several short-wavelength anomalies appear to be related to shallow sources. The positive gravity peak at~140 km requires a thin and shallow body with a high density contrast (0.4 Mg·m -3 ). This body must be very thin (~200 m) and corresponds probably to mafic-ultramafic material. Two residual positive anomalies are related to relatively high density (~2.80 Mg.m -3 ) measured on samples collected in the western part of the Rae craton. The results of many iterations suggest that these sources do not extend deeper than 1.5 km.
P95 transect
The Bouguer anomaly data collected along the southeastern transect were projected along line P95 (Figs. 6a, 7a) , which is perpendicular to the strike of the major geological structures observed along the transect. Two alternative interpretations, with either constant or variable crustal thickness, are proposed for this transect (Figs. 6b, 7b) .
For both models, the Moho and upper to lower crust boundary are fixed at~38.5 km and~18 km depths respectively, at the southwestern end of the profile. For the first model (Fig. 6b) , the~10 mGal amplitude gravity low that extends across the central part of the profile is interpreted in terms of increased crustal thickness beneath the GRSZ.
Here, the Moho is~41.5 km deep and the lower crust occurs at a depth of~20 km. At the northeastern end of the profile, the respective depths are~40.5 and~18 km. The two shortwavelength lows at~40 and~60 km are interpreted as due to shallow bodies (~1.5 km depth) with negative density contrasts of -0.06 and -0.05 Mg·m -3 . They are correlated with the northern extension of the De Pas batholith and a zone of total rock recrystallization recognized as the GRSZ (Bardoux et al. 1996) . At the southwestern end of the profile, where the average density of samples is 2.80 Mg·m -3 , a dense (δρ = Mg·m -3 ) and thin (~1 km) body has been modeled. It could be related to one of the metasedimentary sequences lying southwest of the GRSZ (Bardoux et al. 1996) . The short-wavelength highs, at the northeastern end of the profile, are interpreted as very thin (less than 0.5 km) gabbroic lenses with high density contrasts (δρ = 0.26-0.33 Mg·m -3 ). Because the strong gradient in the center of the transect indicates shallow sources, we prefer an alternative interpretation (Fig. 7b ) that does not call for crustal thickening. The Moho and the boundary between the lower and the upper crust are at constant depths of~38.5 and~18 km, respectively. The northern extension of the De Pas batholith and the GRSZ are more deeply rooted than shown in Fig. 6 , extending to~4 km depth with density contrasts of -0.06 and -0.05 Mg·m -3 , respectively. The interpretation is unchanged for the shallow sources at both ends of the profile.
Gravity maps of the Ungava Bay region
Because there are no gravity data based on sea-surface or underwater surveys in Ungava Bay, we have used satellite data as a means to fill the gap at sea. The new land-based gravity data provide a link between previously available onshore regional data and the marine gravity data that are derived from satellite altimetry in the present study. Marine gravity anomalies were extracted from the new global grid at 2 min spacing obtained from the combination of ERS-1 satellite altimeter data and GEOSAT geodetic mission data (Smith and Sandwell 1995) . These marine gravity anomalies were computed from the mean sea-surface topography, assuming that its surface conforms to the geoid. The elevation of the ocean surface is measured with an accuracy of 3 cm, which yields an accuracy of the order of 5 mGal for the gravity data. The geoid height is mapped at a horizontal resolution of 10-15 km. This measurement sensitivity is sufficient to detect features of the marine gravity field with wavelengths as small as 20 km. Noise in the data comes from non-geoidal components of the sea-surface topography such as currents and tides, and errors due to the presence of sea ice. These problems are extremely critical in Ungava Bay, where tides are very strong and where sea-ice cover is locally present for 9 months of the year. The resolution of the gravity data is also limited by gaps between adjacent tracks that are larger than the potential resolution of the data and by smoothing as a result of the gridding procedure. Fig. 8 . Combined Bouguer -free-air gravity map compiled from GEOSAT data at sea and available onshore gravity data including the new data, interpolated on a 2 min grid. The continuous lines represent the location of profiles P1, P2, and P3 at latitudes 57.1°N, 58.5°N, and 59.9°N respectively. Fig. 9 . Gravity map using band-pass filter passing wavelengths between 20 and 110 km and eliminating wavelengths greater than 120 km and less than 10 km. satellite data. Discontinuities are apparent along the southern shore of the bay despite the inclusion of the new land-based data set. Nevertheless, this map shows that some trends in the land data can be followed offshore in the satellitederived gravity anomalies. The dominant feature of the composite map is the large negative anomaly that coincides with the greater part of the NQO. The other trends, parallel to the NQO, appear more clearly on the band-pass-filtered map (Fig. 9) . This map was obtained by eliminating wavelengths longer than 120 km and shorter than 10 km, retaining those between 20 and 110 km. Figure 10 presents the vertical gravity gradient obtained from the band-pass-filtered map. The GRSZ and the De Pas batholith appear clearly as two parallel structures trending northwest that can be followed offshore. The eastern boundary of the NQO is also well imaged on land and appears to vanish offshore, north of Leaf Bay.
Gravity interpretation and discussion
Three east-west profiles, P1, P2, and P3, were extracted from the combined gravity map (positions shown in Fig. 8 and profiles in Fig. 11 ). These profiles run from longitude 290°E to 295°E at 57.1°N, 58.5°N, and 59.9°N, respectively (see Fig. 8 ).
The western part of the southern profile P1 approximately follows the transect of Kearey (1976) across the NQO, from the Superior Province into the Rae craton. The average station spacing, closer than elsewhere in the study area, provides higher resolution. The new data collected along the south shore of Ungava Bay, those collected along Leaf River (Mareschal et al. 1990) , and a few points from the GSC data base are used to profile P2. This profile also starts in the Superior Province, crosses the New Quebec Orogen and the Rae craton, and ends west of the Torngat Orogen. Note that both profiles P1 and P2 contain only Bouguer data. Profile P3 approximately follows the western part of the ECSOOT seismic line (Hall et al. 1995) . It contains free-air gravity Kearey (1976) . (b) Profile P2 running from 290°E to 295°E at 58.5°N. This profile contains the new data collected along transects P95 and P96, those collected along Leaf River by Mareschal et al. (1990) , and a few standard data extracted from the GSC data base between the P95 and P96 transects. (c) Profile P3 running from 290°E to 295°E at 59.9°N. This profile crosses Ungava Bay and follows approximately the northern Lithoprobe marine seismic line (Hall et al. 1995) . This profile contains free-air gravity data derived from satellite in the bay, and includes some standard Bouguer data on both sides. Wavelengths less than 20 km were suppressed after extraction. data derived from satellite, and it includes some standard Bouguer data on both sides. Because the satellite data of profile 3 do not contain shortwavelength information, all three profiles were filtered to make them comparable. Wavelengths shorter than 20 km were eliminated. The linear trend was removed and the data were interpolated with a constant step and reflected to avoid edge effects before fast Fourier transform processing. Profiles were also directly extracted from 2-D band-pass-filtered data and compared with profiles filtered after extraction from the composite map to verify that they are similar.
Profiles P1 and P2 (Figs. 11a, 11b ) are characterized by a marked gravity minimum over the NQO. The boundaries of the NQO are indicated by arrows in Fig. 11a . The contact between the metasedimentary rocks of the New Quebec Orogen and the gneisses of the Rae Province is well defined on profile P2 (left-hand-side arrow in Fig. 11b ). On both profiles, the Bouguer anomaly increases rapidly over the Rae Province, where it is some 40 mGal higher than over the NQO. The GRSZ appears distinctly as an approximately -10 mGal amplitude negative anomaly on both profiles at 260 km (Fig. 11a) and~190 km (Fig. 11b) . It is difficult to distinguish the De Pas batholith from the GRSZ on profile P1 (Fig. 11a) . For profile P3, we have interpreted the marked negative anomaly (~10 mGal) at km 120 as due to the GRSZ. Another negative anomaly appears west of the GRSZ at km 90. This might be the extension of the De Pas batholith under Ungava Bay. The free-air anomaly increases gradually east of the GRSZ and a positive anomaly of more than 10 mGal amplitude is present between km 180 and 200. This positive anomaly could be correlated to the similar trend on the onshore profile P2 (Fig. 11b) . We suggest that it is related to the offshore extension of the Lake Harbour Group and (or) of the Lac Lomier Complex. The free-air anomaly decreases towards the extension of the Torngat Orogen, defining a negative anomaly of~20 mGal between km 200 and 240. We suggest that it could be correlated with the northern extension of the Abloviak Shear Zone (ASZ) (Fig. 1) . The strong gradient suggests that this anomaly, tentatively interpreted as the ASZ, is a major tectonic feature well expressed offshore. The seismic image did not show evidence of mantlepenetrating suturing in this area (Hall et al. 1995) , but the seismic image is of poor quality near the Torngat Orogen be- cause of lower signal-to-noise ratio and because of the change in orientation of the turn of the seismic line in this area. We interpret the positive anomaly at the eastern end of the profile P3 as the expression of the Tasiuyak domain, which represents the remains of an accretionary prism, possibly developed on the margin of the Rae Province, and thrusted westward over Archean gneisses during early NainRae convergence (Rivers et al. 1993) . The gravity signature of the Tasiuyak domain might be superposed with that of the Burwell Terrane in the east. Farther south, a similar positive anomaly was interpreted as a triangular prismatic body with a maximum thickness of 13 km near to the Nain Province and thinning westward to a feather edge (Feininger and Ermanovics 1994) .
In summary, filtered and gravity gradient maps obtained from combined free-air satellite and standard Bouguer data show the continuity of some gravimetric features of major structures, such as the GRSZ and possibly the De Pas batholith. The contact between the NQO and the Rae craton is also well marked, by a positive eastward gradient (Fig. 8) . It crosses Leaf Bay west of the P96 transect at a longitude of 290°E and disappears south of latitude 60°N. The expression of the Torngat Orogen is less obvious in the combined map (Fig. 8) . We relate it to the large arc-shaped positive anomaly at the eastern edge of the bay on the band-passfiltered map (Fig. 9 ). This anomaly is probably underlain also by the Lake Harbour Group, the Tasiuyak domain, and the Burwell Terrane.
A global interpretation for all the data collected along the shoreline of Ungava Bay, including those collected in the Leaf Bay region, is presented in Fig. 12 . It shows that the depth to Moho is in the range of 37-39 km beneath the Rae Province. This is consistent with the crustal thickness estimated across Ungava Bay along the northern Lithoprobe seismic reflection by Hall et al. (1995) , assuming an average basement velocity of 6.5 km -1 (Chian and Louden 1992 ). The gravity model involving crustal thickening beneath the NQO is also consistent with the western part of the northern seismic reflection line, where a series of reflectors dipping gently to the west is used to define the base of the crust (Hall et al. 1995) . At the eastern limit of the NQO, the sequence of volcanic rocks dips steeply to the east beneath the Archean and Proterozoic rocks of the Rae Province. This could mark the boundary between the NQO and the Rae Province~20 km west of the P96 transect. Farther east, the GRSZ and the De Pas batholith appear as two important quasi-parallel elongated bodies~4 km thick. This thickness is significant when compared with that of other sequences in the Rae Province, which are superficial. The apparent eastward dip of the gravity structures is consistent with the geological data indicating northwestward transport and thrusting of the Rae Province over the Superior craton.
